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Abstract
We report the measurement of the 11Σ −→ 21Σ transition of CaH+
by resonance-enhanced photodissociation of CaH+ that is co-trapped with
laser-cooled Ca+ . We observe four resonances that we assign to transi-
tions from the vibrational v=0 ground state to the v′=1-4 excited states
based on theoretical predictions. A simple theoretical model that assumes
instantaneous dissociation after resonant excitation yield results in good
agreement with the observed spectral features except for the unobserved
v′=0 peak. The resolution of our experiment is limited by the mode-locked
excitation laser, but this survey spectroscopy enables future rotationally
resolved studies with applications in astrochemistry and precision mea-
surement.1
1 Introduction
The spectroscopy of cold trapped ions is an important tool for the determination
of molecular species in the interstellar medium [1, 2] and the precise measure-
ment of fundamental physical constants [3, 4, 5]. Application of methods from
the laser-cooling of atomic ions has led to new advances in taming both exter-
nal and internal quantum states of trapped molecular ions. The new techniques
have allowed for the sympathetic sideband cooling of motional modes to the
ground state [6, 7], preparation of the rotational ground state [8, 9, 10], and the
non-destructive probing of rotational states [11]. The large rotational constants
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of diatomic hydrides [9, 10, 8, 12] which slows blackbody rethermalization after
rotational cooling combined with the availability of atomic coolants of simi-
lar masses make these molecular ions particularly well-suited to high precision
spectroscopy measurements. Homonuclear diatomic molecular ions allow almost
complete decoupling from blackbody radiation and are also a promising route
towards tests of fundamental constants [13, 14, 15].
The detection of neutral CaH radicals in sun spots [16] suggests possible so-
lar presence of CaH+. However, the spectroscopy vital to the detection of this
molecular ion has been absent in contrast to other neutral metal hydrides. Short
storage times and weak absorption and dispersion signals [17] pose intrinsic chal-
lenges to molecular beam spectroscopy, a limitation that has contributed to the
lack of experimental data on CaH+. Within the last few decades, new trapping
and laser-cooling techniques have made it possible to generate metal hydride ions
with quantum state-controlled chemical reactions between laser-cooled trapped
atomic ions and molecular hydrogen [18, 19, 20]. These techniques have cre-
ated a new opportunity for the spectroscopy of CaH+ with the observation of
a dissociative electronic transition [21] and ground state vibrational overtones
[22].
Apart from being of astronomical interest, CaH+ has much potential as
a candidate for testing the time variation of fundamental physical constants.
Vibrational and rotational transitions in molecules have different dependencies
on the electron-to-proton mass ratio,
√
me/mp and me/mp, respectively [23,
24, 25]. By comparing these transitions within one system, many systematic
errors can be canceled. It has been previously proposed that the uncertainty in
rovibrational frequency measurement in CaH+ is on the order of the predicted
astronomical time variation of me/mp [26].
Despite the lack of experimental data, CaH+ spectroscopy has been the
subject of many previous theoretical studies. Ab initio calcuations of vibrational
dipole moments of metal hydrides [27] by Abe et al., and subsequent calcuations
of potential energy curves of the electronic ground and excited states of the
CaH+ [3, 28] have offered theoretical guidance for our experiments. We report
our measurement of the 11Σ −→ 21Σ vibronic transitions by resonance enhanced
dissociation between 370 nm and 421 nm.
2 Experiment
The ion trap used in this experiment was previously described in Ref. [29]. The
experiment takes place in a spherical octagon vacuum chamber (Kimball Physics
MCF800-SphOct-G2C8) with eight viewports used for electrical connections and
optical access. Low DC voltages (0 - 10V) applied to all eleven pairs of DC
electrodes weakly confine the ions in the axial direction, and a RF voltage of
210 V oscillating at 19.35 MHz traps ions radially. 397 nm and 866 nm lasers
Doppler cool the ions axially and radially. Figure 1 outlines the transitions used
for Doppler cooling Ca+ ions.
Photoionization of sublimed neutral Ca allows the trapping of a few hundred
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Figure 1: The three lowest 1Σ potential energy curves for CaH+ are shown [3].
We measure vibrational lines using resonance enhanced dissociation. The first
photon excites the molecules on the 11Σ −→ 21Σ transition. A second photon
could then dissociate the ion. The atomic asymptotes of the plotted molecular
potentials lead to Ca+ in different electronic states and H in the ground state.
A simplified Ca+ energy level diagram shows the states involved in Doppler
cooling and how they correspond to the limits of the molecular states (energy
not to scale) . The 397 nm laser is the main Doppler cooling laser and the 866
nm laser repumps the metastable D3/2 state.
Ca+ ions. Addition of H2 gas to the vacuum chamber through a manual leak
valve promotes the formation of CaH+ through photo-activated reactions be-
tween Ca+ and H2. Upon addition of hydrogen gas, the pressure in the chamber
goes from 1.2×10−10 Torr to around 3×10−8 Torr. At these pressures, decrease
in fluorescence on the photomultiplier tube (PMT) (Hamamatsu H7360-02) ac-
companied by the darkening of a large part of the Coulomb crystal on the
CCD camera (Princeton Instruments Cascade 1K) indicates 50 to 100 reactions
within a few minutes. The molecular ions are excited using a frequency-doubled
Ti:sapphire laser. We achieve a 10% efficiency in laser power after doubling the
IR beam through a 0.1 mm thick Foctek BBO crystal. The doubled beam enters
along the trap axis, and dissociation of the molecular ions is detected by the
increase in fluorescence, as well as the reappearing of the bright Ca+ ions .
The frequency-doubled Ti:sapphire is tuned between 370 and 421 nm. The-
oretical calculations predicted [3, 28] that the 11Σ −→ 21Σ transition would
occur in this range, Figure 1. The bandwidth of pulses is measured for different
wavelengths by an Ocean Optics spectrometer (model HR2000+) and corre-
sponds to a pulse length of 300 fs. The power is maintained at 20 mW for all
wavelengths.
We measured the spectrum by repeatedly exciting the ions for 400 µs before
3
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Figure 2: a) Coulomb crystal containing a few hundred Ca+ ions react with H2
to make 50 to 100 CaH+ ions. The reaction is indicated by the darkening of
the left side of the crystal. The asymmetry seen in the Coulomb crystal is due
to the 397 nm radiation pressure on Ca+ ions. b) The pulse sequence used to
dissociate the molecular ions is shown. The Doppler cooling lasers remain on
to avoid ion heating and losses. An AOM switches the dissociation beam.
detecting the fluorescence on the PMT for 2 ms as shown in Figure 2. The
photon count is recorded as a function of time and the data is fit to a first order
reaction rate equation to deduce the dissociation rate:
At = A∞ − (A∞ −A0)e−Γ(λ)t, (1)
where At is the fluorescence at time t, A∞ is the steady-state fluorescence
after dissociation, Γ(λ) is the wavelength dependent rate, and A0 is the initial
fluorescence. An acoustic-optical modulator (AOM) switches the excitation
beam on and off, but the wavelength is scanned manually. Figure 3 shows
example fluoresecence data for two different excitation wavelengths.
3 Results and discussion
The spectrum acquired is based on the dissociation rate and we measured the
four vibronic transitions shown in Figure 4. Every single point is an average of
five measurements. These rates are repeatable for every wavelength with low
standard deviation between experiments as shown in the plot. To avoid varia-
tions in raw fluorescence data, we preferred using larger crystals than ion chains
with the dissociation beam aligned along the axis of the trap for more homoge-
neous dissociation across the crystal. Future single-molecule experiments could
be performed in the same fashion as in Ref. [22].
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Figure 3: The measured fluorescence recovery curves for excitation at 395.5 nm
and 397 nm are shown. The data is fit with a single exponential (Equation 1)
and the fluorescence is normalized to the steady-state fluorescence parameter,
A∞, from the fit.
v′ ν0v′
CASPT2 [30] CPP-CI [31] Experiment
0 23887 23826 (23828)
1 24674 24594 24624 ± 13
2 25449 25330 25399 ± 19
3 26206 26067 26156 ± 14
4 26942 26782 26891 ± 6
Table 1: Comparison of experimentally measured vibronic transition frequences,
1 1Σ(v = 0) −→ 2 1Σ(v′), and theoretical calculations. Experimental peaks
were assigned based on agreement with theoretical predictions. With this as-
signment, the transition to v′ = 0 was not measured and the experimental value
is extrapolated from the measured peaks ( Equation 5)
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Figure 4: The dissociation rate as a function of excitation wavelength. The
error bars are standard deviations over the five measurements. A model that
assumes the dissociation rate is limited by the absorption of the first photon is
used to plot the theoretical curves and to find the experimental fit. The theory
model is based on CASPT2 [31] but all peaks are red shifted by a constant 50
cm−1.
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We assigned peaks based on theoretical predictions in the literature using
a complete-active-space approach (CASPT2) [30] and a core pseudopotential -
configuration interaction approach (CCP-CI) [31]. The CASPT2 transition fre-
quencies are blue-shifted and the CCP-PI transition frequencies are red-shifted
relative to the data, Table 1. The CASPT2 predicted transition frequencies
differed from the measured transition frequencies by a consistent ≈ 50 cm−1,
which is well within the expected theoretical error based on differences between
the calculated asymptotes and the measured atomic spectra of ≈ 100 cm−1
[32]. The difference between the CPP-CI transitions and the measured tran-
sitions was less consistent and varied between 30 and 110 cm−1. Using this
assignment, the 11Σ, ν = 0 −→ 21Σ, ν′ = 0 transition was not observed. The
experimental peaks showed the expected asymmetry for a system with a smaller
rotational constant in the excited state.
3.1 Theoretical model for estimation of experimental pa-
rameters
In order to determine the bare vibrational frequency, we modeled our predicted
spectra assuming the ion starts in the ground electronic and vibrational state,
but a thermal distribution of rotational states. We truncate the rotational
states at J = 15 which is expected to only have a population of 0.003% at
room temperature. We then calculate the excitation rate using Einstein B
coefficients and the spectral density of the doubled Ti:Sapphire. The molecular
ion is assumed to instantaneously dissociate after it is excited to the 2 1Σ state.
The rate is calculated as the sum of individual rotational absorption rates
multiplied by the thermal probability of being in that state:
Γ(λ) =
∑
J,v′,J′
B0,J,v′,J′(λ)p(0, J) (2)
where B is the Einstein stimulated absorption coefficient when the laser is at
wavelength λ and p(0, J) is the probability of being in the ground vibrational
state with the rotational state J assuming a Boltzmann distribution. The Ein-
stein B coefficient is given by:
B0,J,v′,J′(λ) =
Iλ(f)
c
Ax,0
8pihf3
, (3)
where Iλ(f) is the intensity of laser at frequency F , f is the transition frequency
from 11Σ, v = 0, J −→ 21Σ, ν′, J ′, and Av′,J′,0,J is the Einstein A coefficient.
Each Einstein A is calculated as:
Av′,J′,0,J =
16pi3S(J, J ′)
3ε0h
f3µ2v′,0, (4)
where J is the ground state rotational quantum number, S(J, J ′) is Ho¨nl-London
factor for a rotational transition J −→ J ′, and µ is the transition dipole moment.
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The data for the laser profile was determined by measurement and fitting to
a Gaussian profile. The rotational constants for the excited vibronic levels were
calculated using the LEVEL8.2 program [33] and the potential energy surfaces
of Ref. [30]. All other constants were provided by [30]. Initially, nearly all
molecular ions are in the vibronic ground state which means only the ν = 0
vibrational state is needed for calculations.
Figure 4 shows the expected theoretical plots for the CASPT2 with a 50
cm−1 red shift. One observes quantitative agreement with the experiemntal
peak positions and almost quantitative agreement with the peak heights with
the notable exception of the v′ = 0 state. Our hypothesis is that this is due to the
second part of the dissociation process which needs to be further investigated.
To find our experimental fit, we set the rotational constants to the theoretical
values and allow the vibrational transition frequency and dipole matrix element
(which controls the peak height) to vary. The nonlinear regression was done by
applying Nelder-Mead Minimization Algorithm [34] to the χ2 value using a C++
library [35]. This yields our experimentally determined transition frequencies
(Table 1).
3.2 Experimental spectroscopic constants
From our experimental calculation, we determine the anharmonicity constant
(ωexe) of the molecular ion in the 2
1Σ state. We fitted both the theoretical
vibronic frequencies and our measured spectra to the following equation to de-
termine ωexe as shown in Figure 5:
ν0v′ = ν00 + ωev
′ − ωexev′(v′ + 1), (5)
where E(n) is the total vibronic energy, and ν00 is the energy of the ν = 0 −→
ν′ = 0 transition; and ωe is the harmonic constant for the 21Σ state. The
theoretical vibronic frequencies used in the fit are from Ref. [30] . Table 2
shows our calculated value for the ωexe and how it compares to the CASPT2
theoretical results. The fit in Figure 5 yielded a value of 10.0 ± 0.2 cm−1 for the
anharmonicity constant, which is similar to the deduced theoretical prediction
of 8.6 ± 0.3 cm−1. The harmonic constant turned out to be 815.8 ± 1.3 cm−1;
comparable to the theoretical value of 807 ± 1.7 cm−1. This value also matches
the most recent calculations by Aymar and Dulieu [28]. Furthermore, the fit
in Figure 5 predicts the ν00 frequency to be 23828 ± 1.2 cm−1 but we did not
observe a signal at this frequency.
Our results are a step closer to the the implementation of rotational cooling
on CaH+ as well as quantum logic spectroscopy on rovibrational transitions in
the molecule.
4 Conclusions
We have measured the vibronic spectrum of the 11Σ −→ 21Σ transition in CaH+
using resonance enhanced dissociation. The observed peaks were assigned based
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Figure 5: The plot used to determine both the theoretical and experimental
values for ωexe and ωe for the the 2
1Σ state of CaH+ is shown. The ab initio
theoretical energies are taken from ref. [30]
Constant Experiment CASPT2 [30]
ωexe 10.0 ± 0.2 cm−1 8.6 ± 0.3 cm−1
ωe 815.8 ± 1.3 cm−1 807 ± 1.8 cm−1
ν00 23828 ± 1.2 cm−1 23886 ± 1.2 cm−1
Table 2: Table comparing the experimental and theoretical values of the anhar-
monicity constant as well as the harmonic constant for the 21Σ state of CaH+
based on fitting Equation 5 to the first five states. The uncertainties are the
errors from the fit. We observe good agreement between the experimental and
theoretical values for all the constants.
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on previous calculations, which are a reasonable match to the measured results
for both the energy spacing between peaks and the expected widths. Our own
theoretical modeling of the relative peak intensities agrees with the experimental
results with the notable exception of the ν = 0 −→ ν′ = 0 transition. We
attribute this discrepancy to the limited experimental characterization of the
dissociation process.
Experimental and theoretical studies on possible dissociation pathways from
the 21Σ state are necessary to resolve this conflict. One possibility is that the
theoretical calculations are off by 800 cm−1, but this seems unlikely for such a
simple molecule. Another solution is the dissociation process involves excitation
to the 21Σ state followed by photon emission back to an excited vibrational 11Σ
state before photodissociation. Alternatively, the dissociation could be due to
predissociation [36] from the 21Σ state to the 11Σ state, but we expect this rate
to be slower than fluorescence. In order to unravel these possible pathways, one
can look for laser-induced fluourescence when driving these vibronic transitions
and also design experiments to measure the electronic state of the dissociated
Ca+.
We plan to extend our measurement technique to the measurement of rovi-
bronic lines in CaH+ by narrowing the spectrum of our laser source. The mea-
surement of rotational lines is vital for testing the preparation of the molecular
ions in their rotational ground state using optical pumping methods. This in-
ternal state control, combined with our previous realization of the ground state
cooling of axial modes of molecular motion [6], will facilitate the implementation
of quantum logic spectroscopy on CaH+. In addition, our experimental method
can be used to measure the rovibronic spectrum of other alkali-earth monohy-
dride ions with the appropriate laser-cooling ion, as well as the deuterated forms
of these molecules.
Regarding state preparation, some optical pumping schemes for rotational
cooling will require a good knowledge of the rovibrational spectrum for the
ground electronic state. By using a 1+2’ resonance enhanced multi-photon
dissociation scheme, it is possible to measure the fundamental rovibrational
transitions in the 11Σ state by sweeping the frequency of the first photon from
a 6.9 µm laser. The second photon would excite to one of the 21Σ vibrational
states, and the third photon would dissociate the molecules [4, 37]. An IR laser
source with a wide tuning frequency would enable the measurement of multiple
overtones as well.
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